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Report  Summary 

This  is  the  final  technical  report  for  research  devoted  to  evaluating  the  phase 
chemistry  and  thermochemistry  of  the  quaternary  chemical  system  Pb0-Mg0-Nb205- 
Ti02.  While  greatest  technological  interest  focuses  on  the  chemical  state  surrounding  the 
compositions  of  the  Pb(Mg0  33_033XNb067_067xTix)O3  perovskite  solid  solution,  this  project 
went  well  beyond  to  evaluate  the  phase  chemistry  at  most  of  the  remaining  compositions. 
In  particular,  the  four  ternary  phase  diagrams  of  Pb0-Mg0-Nb205,  PbO-MgO-Ti02, 
PbO-Nb205-Ti02  and  Mg0-Nb205-Ti02  at  1000°C  were  determined  in  some  detail.  That 
for  the  latter  was  also  evaluated  at  higher  temperatures  up  to  1450°C,  in  order  to  help 
with  the  interpretation  of  the  chemical  complexities  discovered  at  lower  temperatures. 
The  quaternary  phase  diagram  was  evaluated  in  general  form  for  relatively  PbO-poor 
compositions.  However,  significant  attention  was  given  to  determine  the  range  near 
chemical  states  near  the  perovskite  composition  of  x  =  0.32  that  is  important  for  the 
manufacturing  of  ferroelectric  relaxors. 

The  thermochemistry  of  the  overall  system  was  also  evaluated  between  about  800 
and  1000°C,  characterized  in  the  form  of  equilibrium  vaporization  rates  of  lead  oxides. 
This  was  accomplished  by  Knudsen  cell  gravimetry  on  binary,  ternary  and  quaternary 
phase  states  that  were  thermodynamically  well  defined.  From  this,  the  formation 
thermodynamics  of  a  number  of  solid  phase  compositions  were  determined  for  the  first 
time.  What  is  perhaps  more  important,  the  equilibrium  vaporization  rates  were 
determined  for  the  perovskite  solid  solution,  as  a  function  of  the  solid  composition  and 
temperature.  This  is  of  greatest  value  to  those  researchers  who  are  concerned  about 
controlling  composition  while  synthesizing  single  crystals  and  polycrystalline  ceramic 
forms  of  the  ferroelectric  relaxors. 

One  scientific  innovation  of  this  project  was  the  development  of  an  effective 
method  for  evaluating  the  solid  state  thermodynamics  of  lead-bearing  electroceramics.  In 
this  study,  thermodynamic  results  were  summarized  graphically  in  the  form  of  plots  of 
lead  oxide  activity  as  a  function  of  the  relative  cation  fractions  of  the  remaining  metal 
components,  namely,  Mg,  Nb,  and  Ti.  For  most  other  chemical  systems,  thermodynamic 
activity  is  determined  directly  by  measuring  equilibrium  vapor  pressure  of  a  simple  vapor 
species  in  equilibrium  with  a  condensed  phase  and  then  comparing  it  to  the  vapor 
pressure  of  a  standard  state.  However,  the  molecular  distribution  of  lead  oxides  in  the 
gas  phase  is  quite  complex,  with  several  molecular  species  simultaneously  coexisting  at 
significant  concentrations.  Consequently,  the  interpretation  of  gravimetric  measurements 
requires  some  care. 

This  forced  the  development  of  a  new  calibration  scheme  based  on  chemical 
systems  that  have  already  been  well  characterized  thermodynamically  via  independent 
experimental  methods.  We  used  pure  lead  oxide  and  the  two,  two-phase  equilibria  of 
PbZr03Zr02  and  PbTi03Ti02  as  calibrants  since  they  have  already  been  carefully 
examined  by  solid  state  electrochemistry  and  other  means.  This  allowed  us  to  construct 
calibration  plots  of  weight  loss  rates  vs.  thermodynamic  activity  for  each  temperature. 
While  there  are  refinements  to  be  made  to  this  method,  it  clearly  provides  a  viable 
method  for  measuring  the  thermodynamics  of  other  lead  oxide  systems  that  by-passes  the 
problems  that  currently  plague  other  techniques. 


Aside  from  the  technological  value  of  the  phase  diagrams  and  vapor  pressure 
measurements,  there  were  several  interesting  scientific  findings  of  this  project.  One 
discovery  is  what  seems  to  be  a  general  rule  on  the  substitutional  compatibility  of  Ti4+ 
cations  for  the  cationic  combination  of  (Mg1/3Nb2/3)4+  in  a  wide  range  of  crystal  structures. 
This  gives  rise  to  highly  specific  compositions  that  range  widely  in  one  compositional 
direction,  but  very  narrow  in  another.  The  effect  is  that  several  crystal  structures,  of 
nominally  different  lattice  stoichiometries  exhibit  parallel  compositional  paths.  This  is 
particularly  evident  in  the  Mg0-Nb205-Ti02  system.  This  observation  reveals  a 
particularly  valuable  chemical  system  with  which  to  advance  or  test  new  rules  of  crystal 
chemistry. 

Another  important  finding  concerns  the  chemical  relationships  of  the  pyrochlore 
phase  relative  to  the  technologically  desirable  perovskite  phase.  Somewhat  of  a  mystery 
before  this  project,  it  is  now  clear  that  the  pyrochlore  phase  dominates  the  phase  diagram 
as  being  one  of  the  most  stable  phases,  at  least  with  respect  to  the  range  of  lead  oxide 
activities  for  which  it  exists.  This  explains  why  it  frequently  appears  as  an  impurity  in  so 
many  recipes  attempting  to  make  the  pure  ferroelectric  compound.  As  such,  this  project 
has  demonstrated  that  simultaneously  maintaining  both  a  high  activity  of  lead  oxide  and  a 
slight  excess  of  MgO  is  one  method  for  avoiding  the  pyrochlore  phase  in  high 
temperature  equilibrium  phase  assemblages. 

Finally,  this  project  undertook  the  task  of  examining  schemes  for  controlling  the 
vapor  pressure  of  lead  oxide  at  high  temperature.  The  objective  was  to  develop  a  scheme 
that  was  both  compact  in  dimensions  but  capable  of  maintaining  a  constant  vapor 
pressure  and  self  correcting  if,  for  some  reason,  experimental  conditions  changed  within 
the  annealing  chamber  where  the  perovskite  phase  was  being  synthesized.  After 
considering  a  few  possibilities,  the  scheme  chosen  for  closer  scrutiny  was  that  of  an 
electrochemical  pump  based  on  liquid  electrolytes  and  separate  electrodes  of  liquid  lead 
and  oxygen  gas.  Constructed  much  like  a  free  energy  cell  for  measuring  the  Gibbs 
energies  of  liquid  lead  oxide  compounds,  the  principal  was  to  impose  a  set  voltage  on  the 
electrochemical  cell,  thereby  ensuring  that  the  chemical  potential  of  lead  oxide  was 
maintained  at  a  prescribed  level.  Gas  phase  exchange  at  the  electrolyte  surface  would 
therefore  moderate  the  vapor  pressure  of  the  lead  oxide.  After  some  experimentation,  our 
conclusion  is  that  the  principal  of  scheme  is  sound,  however,  the  application  of  the  device 
is  severely  complicated  by  several  corrosive  interfaces,  which  are  conducting  electrolytic 
current  that  unduly  limits  the  lifetime  of  the  experimental  cells. 

Introduction 

This  was  project  that  formally  received  three  formal  years  of  funding.  The  first 
two  years  were  conducted  as  a  collaboration,  subcontracted  from  the  National  Institutes 
of  Standards  and  Testing.  The  principal  investigator  at  NIST  was  by  Dr.  John  Blendell 
who  also  served  as  the  project’s  technical  manager.  The  primary  grant  from  AFOSR  was 
in  response  to  the  original  proposal  entitled  “Grain  Growth  in  Relaxor  Ferroelectrics” 
(AFOSR  ISSA-99-0013;  12/1/99  to  12/31/01).  The  third  year  of  funding  was  split  off 
from  the  NIST  collaboration  and  directly  received  from  AFOSR  under  this  grant  issued 
directly  to  the  Arizona  State  University  (entitled  “Physical  Chemistry  of  the  PbO-MgO- 
Nb205-Ti02  System  for  Ferroelectric  Relaxors”;  AFOSR  Grant  Award  #:  F49620-02-1- 


0144).  As  such,  this  report  is  a  summary  for  the  full  project  as  it  was  technically 
conceived. 

The  following  report  first  summarizes  the  technical  accomplishments  of  this 
project  followed  by  additional  details  of  activities  to  disseminate  the  information  gained. 
In  addition  to  publications,  oral  presentations  and  reports,  this  project  funded  the 
dissertation  work  of  one  doctoral  candidate,  plus  provided  opportunities  for  several 
undergraduate  students  and  post  doctoral  research  associates  to  conduct  high  level,  high 
quality  research  that  has  enriched  their  scientific  training. 
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Technical  Results 


(a)  Equilibrium  Phase  Chemistry  of  the  Pb0-Mg0-Nb205-Ti02  System 

The  tetrahedral  axes  shown  in  Fig.  1  illustrate  the  compositional  framework  for 
the  quaternary  Pb0-Mg0-Nb205-Ti02  system.  The  four  outside  faces  of  the  tetrahedron 
represent  the  quasi-ternary  compositional  systems  Pb0-Mg0-Nb205,  Pb0-Ti02-Nb205, 
PbO-MgO-Ti02  and  Mg0-Ti02-Nb205.  The  phase  chemistry  for  each  has  been 
determined  experimentally  at  1000°C  and  is  shown  in  Fig.  2.  With  respect  to 
ferroelectric  relaxors,  the  technologically  important  perovskite  compositions  lies  on  the 


PMN-PT  join  shown  in  Fig.  1  that  cuts 
through  the  interior  of  the  tetrahedral  solid. 
Lead  titanate  (PbTi03)  is  located  at  one  end 
and  the  Pb(Mg1/3Nb2/3)03  at  the  other  of  this 
perovskite  solid  solution.  These 
compositions  are  coplanar  with  the  PbO- 
Ti02-MgNb206  pseudo  ternary  section  shown 
in  transparent  shading.  On  the  base  is  shown 
the  Pb0-Mg0-Nb205  phase  diagram  for 
contextual  orientation. 

The  experimental  method  of 
determination  of  each  diagram  was 
determined  primarily  by  high  temperature 
annealing  of  mixtures  of  powdered  oxides 
formulated  in  a  series  of  strategic 
compositions  intended  to  elucidate  individual 
features.  A  variety  of  experimental 
procedures  were  employed  to  ensure  that  the 


Fig.  1.  Quaternary  axes  of  PbO  -  MgO 
-  Nb205  -  Ti02  system  illustrating  the 
pseudo-ternary  plane  containing  the 
perovskite  solution  PMN-PT.  The 


Fig.  2.  Experimentally  determined  ternary  phase  diagrams  of  the  Pb0-Mg0-Nb205-Ti02 
system  at  lOOO'C1,2. 


information  portrayed  at  lOOCTC  was  accurately  conveyed.  In  some  cases,  particularly 
for  the  Mg0-Ti02-Nb205  system,  this  meant  that  certain  equilibria  were  probed  at  higher 
temperatures  and  the  behavior  extrapolated  to  1000°C.  This  was  because  of  sluggish 
diffusion  for  compositions  that  contained  little  or  no  lead  oxide. 

The  phase  diagram  for  the  Pb0-Mg0-Nb205  system  shown  in  Fig.  2a  is 
essentially  complete  except  for  the  small  region  just  to  the  PbO-rich  side  of  the 
pyrochlore  phase  marked  by  Pb3Nb4013  at  one  vertex.  A  particularly  important  feature  of 
this  diagram  is  the  relationship  of  the  pyrochlore  phase  with  the  other  phases. 
Effectively,  the  pyrochlore  dominates  the  system  by  equilibrating  with  every  other 
compound  except  the  two  lead-poor  phases  PbNb206  and  PbNb4On.  This  explains  the 
persistence  of  the  pyrochlore  appearing  in  most  attempts  to  synthesize  the  pure 


Pb(Mg1/3Nb2/3)03  ferroelectric  phase.  This  diagram  offers  the  strategy  to  avoid  the 
pyrochlore  by  maintaining  slight  excesses  of  MgO  and  PbO  in  the  system. 

The  only  information  missing  from  Fig.  2a  centers  on  the  narrow  compositional 
region  between  Pb5Nb40i5  and  Pb2Nb207.  This  involves  several  phases  that  equilibrate 
with  the  pyrochlore,  but  otherwise  do  not  factor  into  the  chemistry  of  the  PMN 
perovskite. 

The  phase  diagram  of  the  PbO-MgO-Ti02  shown  in  Fig.  2b  is  deceptively  simple. 
Accurate  experimental  determination  of  the  solubility  limit  of  Ti02  in  liquid  PbO  was 
often  obscured  by  the  complex  microstructures  to  have  evolved  upon  quenching  of  the 
liquid.  An  additional  complexity  was  the  fact  that  the  compound  Mg2Ti04  is  unstable 
below  about  1000°C.  This  compound  is  entropically  stabilized  at  high  temperatures  due 
to  the  cation  mixing  of  Mg2*  and  Ti4+  on  their  respective  lattice  sites.  The  interpretation 
of  the  quenched  samples  often  depended  on  the  precision  of  the  temperature  controller 
and  the  quench  rate.  In  the  end,  the  diagram  shown  was  confirmed  by  thermodynamic 
calculations  using  independent  data  and  new  thermodynamic  model  of  the  liquid  phase 
solution. 

The  experimentally  determined,  1000°C  section  of  the  Pb0-Ti02-Nb205  phase 
diagram  is  shown  in  Fig.  2c.  Like  the  diagram  in  Fig.  2a,  the  pyrochlore  phase  dominates 
the  phase  chemistry  for  most  of  the  diagram.  That  is  to  say  that  the  pyrochlore 
equilibrates  with  nearly  every  other  phase  of  the  system.  The  exceptions  are  those  phases 
at  the  Nb205  richest  comer.  The  shape  of  the  pyrochlore  phase  field  also  indicates  that 
the  substitutional  chemistry  of  the  cations  on  the  two  different  sites  is  rather  complex.  To 
accommodate  the  range  of  cation  stoichiometries  indicated,  it  is  necessary  for  the  cation 
and  anion  vacancies  to  accommodate  the  variation  of  the  overall  cation  valences.  This 
behavior  was  also  seen  for  the  pyrochlore  phase  in  the  Pb0-Mg0-Nb205  system, 
although  to  a  much  lesser  extent. 

The  final  external  ternary  phase  diagram  is  that  of  the  Mg0-Nb205-Ti02  system 
shown  in  Fig.  2d  for  the  1000°C  isothermal  section.  This  was  largely  deduced  by 
extrapolations  of  trends  from  the  experimentally  determined  phase  diagrams  for  1250°C, 
1350°C  and  1450°C.  This  was  necessary  because  of  the  sluggish  diffusion  for  certain 
composition  ranges.  The  most  striking  feature  is  the  parallel  compositional  alignment  of 
several  solid  solutions,  particularly  with  respect  to  the  rutile,  columbite,  psuedobrookite, 
and  ilmenite  crystal  structures.  To  a  lesser  extent,  this  behavior  was  seen  for  the  spinel 
and  titanium-rich  phases.  This  feature  could  be  explained  by  the  same  substitutional 
pattern  of  the  cations,  whereby  l/3(MgNb2)4+  replaced  Ti4+  on  octahedral  sites.  In  the 
rutile  (Ti02)  phase,  up  to  79  cation  %  of  Ti4+  could  be  replaced  with  the  Mg/Nb 
combination. 

An  additional  feature  of  these  solid  solutions  was  the  consistent  observation  of 
miscibility  gaps  within  this  mixing  scheme.  The  three  magnesium  titanate  phases  are 
already  known  to  be  entropically  stabilized  at  higher  temperatures,,  attributed  to  the 
mixing  of  Mg2+  and  Ti4+.  The  addition  of  Nb5+  according  to  the  above  mixing  scheme 
then  adds  an  additional  mixing  term  that  further  stabilizes  these  compounds.  With 
increasing  temperature,  the  tendency  was  for  the  miscibility  gaps  to  close  up,  Notably, 
the  gap  with  respect  to  the  pseudobrookite  phase  closed  completely  above  about  1250°C. 
While  these  gaps  for  the  other  phases  narrowed  at  high  temperatures,  they  still  persisted 
up  to  1450°C,  the  highest  temperature  probed. 


Fig.  3.  Schematic  of  the  shape  and  context  of  the  pyrochlore  solid  solution,  Pb2.x(Mg,Nb,Ti)207.y, 
shown  in  gray  shading,  and  the  perovskite  solid  solution  shown  as  the  red  line  extending  from  its 
termini  of  Pb(Mg1/3Nb2/3)03  (a.k.a.,  PMNpv)  and  PbTi03  (a.k.a.,  PTpv).  A  miscibility  gap  appears 
within  the  pyrochlore  in  equilibrium  with  one  composition  of  the  perovskite  solid  solution1. 


The  cation  mixing  could  be  conveniently  explained  on  the  basis  of  equivalent 
oxidation  states  and  the  compatibility  of  octahedral  bond  lengths.  As  calculated  from 
bond  valence  formulae,  the  ideal  bond  lengths  for  the  cations  in  octahedral  coordination 
with  oxygen  are  Mg-0  =  2.099  A,  Nb-0  =  1.978  A,  Ti-0  =  1.965  A).  The  resultant 
volume  change  in  replacing  a  Ti4+  cation  with  the  average  l/3(MgNb2)4+  cation  is  about 
8%. 

Finally,  the  interior  of  the  quaternary  Pb0-Mg0-Nb205-Ti02  phase  diagram  was 
probed.  The  illustration  of  this  is  quite  complicated,  requiring  over  the  full  range  of 
compositions.  An  example  is  shown  in  Fig.  3,  which  displays  one  of  the  more  important 
findings  of  this  project  that  begins  to  address  the  complexity  of  the  pyrochlore  phase 
coexisting  with  the  perovskite  phase.  This  figure  shows  that  the  pyrochlore  phase 
exhibits  a  ternary  miscibility  gap  when  magnesium  and  titanium  are  added.  As  such,  it  is 
possible  that  for  one  composition  of  the  perovskite  phase  to  equilibrate  simultaneously 
with  two  pyrochlore  phases,  one  being  magnesium-rich  and  the  other  titanium-rich.  The 
remaining  perovskite  solid  solution  compositions  would  equilibrate  with  a  single 
pyrochlore  phase  that  is  either  magnesium-  or  titanium-rich.  This  observation  helps  to 
explain  some  of  the  confusing  observations  that  have  emerged  in  the  literature  concerning 
the  coexistence  of  these  two  crystal  structures. 

A  fuller  description  of  the  phase  equilibrium  relationships  within  the  quaternary 
system  is  given  elsewhere1.  This  study  accomplished  characterizing  the  general  features 
although  there  are  many  other  details  that  are  needed  for  a  fuller  description  of  the  of  the 
system. 


(b)  Vapor  Pressure  of  Lead  Oxides  and  Compound  Thermodynamics 

One  of  the  major  contributions  of  this  study  has  been  to  evaluate  the  equilibrium 
vapor  properties  of  the  Pb0-Mg0-Nb205-Ti02  as  a  function  of  composition  and  the 
temperatures  between  800  to  1000°C.  The  purpose  of  this  work  was  to  assess  the 
stability  range  of  the  perovskite  phase  with  respect  to  lead  oxide  vapor  pressure;  and, 
thereby,  provide  information  for  evaluating  the  formation  thermodynamics  of  a  number 
of  lead-bearing  compounds.  Of  course,  the  emphasis  has  been  on  the  perovskite  phase 
and  the  compounds  immediately  surrounding  it  in  composition  space,  but  the  analysis 
was  extended  to  other  parts  of  the  system. 

There  were  complexities  in  this  analysis  because  of  the  multiple  molecular 
species  that  lead  oxide  could  exist  in  the  gas  phase  at  equilibrium.  While  there  have  been 
mass  spectrometric  studies  in  the  past  on  the  equilibrium  gas  phase  speciation  of  lead 
oxide,  different  literature  results  disagreed  with  one  another.  Moreover,  it  seemed  that  all 
did  not  agree  with  gravimetric  analyses.  Consequently,  this  project  bypassed  this 
problem  by  inventing  a  calibration  procedure  based  upon  known  lead  compound  phases 
that  had  already  been  thermodynamically  evaluated  by  independent  experimental  means. 
This  procedure  was  used  to  identify  the  best  molecular  model  in  the  gas  phase,  although 
it  has  to  be  acknowledged  that  the  agreement  is  fair,  but  not  good.  Therefore,  this 
thermodynamic  study  relied  more  on  its  calibration  procedure  to  provide  an  assessment 
of  the  thermodynamic  activity  of  PbO,  rather  than  explicitly  attempt  to  evaluate  the  gas 
phased  molecular  distribution. 

In  the  end,  the  most  useful  information  for  technologists  interested  in  controlling 
composition  of  ferroelectric  relaxor  materials  at  high  temperatures  is  actually  the  rates  of 
vaporization.  This  is  characterized  by  the  Knudsen  effusion  rates,  from  which  such 
important  parameters  as  Langmuir  vaporization  behavior  can  be  deduced.  This  is  precise 
the  information  obtained  from  this  study. 

Knudsen  cell  studies 

The  Knudsen  effusion  method  for  determining  vapor  pressures,  or  rather 
equilibrium  parameters  for  vaporization  rely  on  the  equilibration  of  a  gas  phase  with  a 
solid  inside  a  closed  volume.  The  vapor  pressure  inside  is  determined  by  monitoring  the 
escape  of  vapor  through  a  small  orifice  in  the  cell  wall.  While  there  are  several  methods 
for  determining  the  rate  of  escape  from  the  Knudsen  chamber,  the  most  common  is 
measuring  the  weight  loss  rate,  as  might  be  accomplished  using  a  highly  accurate  thermal 
balance,  or  by  mass  spectroscopic  evaluation.  For  this  study,  we  chose  gravimetric 
analysis  because  it  is  an  absolute  measurement  that  avoided  some  significant  problems 
with  mass  spectrometry. 

The  difficulty  with  mass  spectrometry  is  the  ionization  processes  used  is 
sufficiently  violent  that  it  partially  fragments  the  molecular  species,  and  thereby  altering 
the  result  that  was  sought.  There  have  been  several  such  studies  on  pure  PbO,  PbZr03 
and  PbTi03,  but  the  results  typically  disagreed  with  the  electrochemical  measurements 
that  are  considered  to  be  highly  accurate.  Moreover,  if  mass  spectrometric  results  were 
unambiguously  correct,  they  should  agree  with  the  gravimetric  results.  Unfortunately,  we 
were  unable  to  find  such  confirmation.  Therefore,  we  developed  our  own  methodology 
to  calibrate  our  measurements. 
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In  this  section,  the 
results  of  our  studies  are 
presented.  A  discussion  of 
our  methodology  and  the  _ 

particular  issues  of  in  ^ 

making  accurate  ™ 

measurements  on  lead  £ 

oxide  compounds  are  jj?  -2 

discussed  in  Appendix  I.  £ 
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that  the  vaporization  rate  g1 

as  measured  by  weight  — 

loss  rate  can  be  correlated  4 

with  the  thermodynamic 
activity  of  PbO.  -5 

Typically,  we  used  single 

phase  PbO  and  the  two,  log  apb0  (liquid  standard  state) 

two-phase  equilibria  of 
PbZr03Zr02  and  PbTi03- 

Ti02  as  our  pig.  4  Knudsen  effusion  rate  from  various  vapor- 

thermodynamic  standards.  condensed  phase  equilibria  as  a  function  of  lead  oxide 
Figure  4  presents  a  activity  (liquid  lead  standard  state).  Black  points 

calibration  curve  for  correspond  to  points  calibrated  using  thermodynamic  data 

1000°C  that  plots  the  derived  from  published  electrochemical  studies.  The 

weight  loss  rate  measured  curve  was  derived  form  gas  phase  molecular  distribution 

in  our  study  as  a  function  model  from  Drowart,  et  al1,3,  corrected  by  a  single  additive 

of  the  lead  oxide  activity  parameter  to  fit  this  data.  Red  points  correspond  to  some 

for  these  equilibria.  The  of  the  equilibria  of  the  Pb0-Mg0-Nb205-Ti02  system 

activity  for  pure  liquid  examined  in  this  study.  Dashed  line  correlates  with  the 

lead  oxide  was  accepted  as  case  assuming  that  monomolecular  PbO  was  the  only 

the  standard  state, 

therefore,  aPb0  =  1  by  definition.  The  activity  of  lead  for  the  two,  two-phase  equilibria 
were  determined  from  published  electrochemical  measurements.  In  Fig.  4,  the  black 
points  correspond  to  the  calibration  points.  The  curve  corresponds  to  a  model  modified 
from  the  gas  phase  molecular  distribution  that  most  closely  matched  our  results.  (In  this 
case,  the  work  of  Drowart,  et  al3  was  considered  must  descriptive,  although  their  results 
required  a  single  correction  term  applied  over  the  entire  range  of  activities  to  bring  it  into 
accordance  with  our  experimental  results.) 

Figure  5  presents  the  weight  loss  rates  as  a  function  of  temperature  due  to 
Knudsen  effusion  from  a  selection  of  equilibria  in  the  Pb0-Mg0-Nb205  system.  Note 
that  the  equilibrium  for  the  Pb(Mg1/3Nb2/3)03-pyrochlore-MgO  equilibrium  lies  between 
those  of  the  PbZr03Zr02  and  PbTi03Ti02  equilibria.  Effectively,  this  points  out  the 
greater  stability  of  lead  titanate  relative  to  the  PMN  perovskite,  and  further  indicates  the 
range  of  equilibrium  vapor  pressures  for  the  perovskite  solid  solution. 

The  vaporization  rates  of  these  various  equilibria  at  1000°C  are  again  plotted  in 
Fig.  4,  indicated  by  the  red  dots.  Knowing  the  vaporization  rates,  the  corresponding 


equilibrium  activity  of  lead 
oxide  can  be  determined  from 
the  calibration  curve.  The 
accuracy  of  the  lead  oxide 
activities  will  be  greatest  for  the 
PMN-pyrochlore-MgO 
equilibrium  since  it  resides 
inside  the  calibration  points 
provided  by  the  PbZr03Zr02 
and  PbTi03Ti02  equilibria.  At 
lower  lead  oxide  activities,  there 
are  no  calibration  points  in 
which  to  assess  the  accuracy  of 
the  thermodynamic  model 
adopted.  As  such,  it  can  be 
expected  that  the  activities  so 
determined  in  this  range  will 
have  greater  errors. 

All  of  this 
thermodynamic  information  can 
be  combined  in  what  is  referred 
to  as  a  phase  stability  diagram. 
This  is  a  diagram  that  maps  out  the  range  of  stability  of  phases  as  a  function  of  the  lead 
oxide  activity  and  relative  composition 
of  the  remaining  cations.  Figure  6 
displays  the  diagram  for  the  PbO-MgO- 
Nb205  system.  The  horizontal  axis 
corresponds  to  the  relative  cation 
fraction  of  Mg  and  Nb,  whereas  the 
lead  content  is  represented  by  chemical 
potential  (in  this  case 

log  aPbO  =  ^Pb°/2  302,RT^  the 

vertical  scale.  (For  clarity,  the  vertical 
axis  is  not  to  scale  so  as  to  easily 
distinguish  the  different  phase  fields.) 

Within  the  interior  of  the  diagram,  a 
vertical  line  refers  to  a  ternary  or 
quaternary  compound  that  has 
reasonably  fixed  stoichiometry  with 
respect  to  Mg/Nb  content.  The  large 
phase  field  marked  “Py”  corresponds  to 
the  homogeneity  range  of  the 
pyrochlore  phase,  which  seems  to 
dominate  the  stability  range  of  the 
diagram  at  higher  PbO  activities.  Most 
important  is  the  limited  stability  range 
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Fig.  6.  Stability  diagram  for  the  PbO-MgO 
-Nb205  system  at  1000°C 


Fig.  5.  Equilibrium  effusion  rates  as  a  function  of 
temperature  of  selected  equilibria  within  the  PbO- 
Mg0-Nb205-Ti02  system1. 


of  the  perovskite  phase  near  the  top  of  the  diagram,  at  0.67  on  the  horizontal  scale.  It  is 
clear  that  the  perovskite  phase  has  both  an  upper  and  lower  limit  of  stability  relative  to 
PbO  activity.  As  experimental  observed  by  others,  the  loss  of  PbO  converts  the 
perovskite  to  the  pyrochlore  phase,  which  is  stable  to  much  lower  activities. 

Similar  stability  diagrams  have  been  generated  for  the  PbO-MgO-Ti02  and  PbO- 
Nb205-Ti02  systems.  Refinement  of  the  diagrams  of  all  of  these  lead  oxide  bearing 
systems  awaits  the  refinement  of  the  thermodynamics  of  these  systems.  In  particular,  the 
thermodynamics  of  the  liquid  solution  phase  that  is  predominantly  PbO  is  needed.  It  is 
clear  that  the  perovskite  phase  will  easily  degrade  to  the  pyrochlore  at  only  modestly  low 
lead  oxide  activities  (i.e.,  a^o  =  0.157).  Consequently,  synthesis  of  the  ferroelectric 
relaxor  phase  must  be  done  in  a  relatively  rich  environment  of  lead  oxide.  On  the  other 
hand,  too  much  lead  oxide  as  a  liquid  is  corrosive  to  the  perovskite  phase,  which  will 
dissolve  away. 

Finally,  Fig.  7  displays  the  equilibrium  activity  of  lead  oxide  for  the  perovskite  in 
equilibrium  with  MgO  and  the  pyrochlore  phase(s).  The  range  of  activities  is  rather 
modest,  varying  only  by  a  factor  of  about  3  from  one  compositional  extreme, 
PbtMg./oNbj/AOo,  to  another,  PbTi03.  The  equilibrium  activity  of  PbO  for  the  solid 

solution  32PT:68PMN  lies 
slightly  below  the  linear  trend 
established  by  the  end  points. 
While  it  is  tempting  to  suggest 
that  this  is  an  indication  of 
negative  deviation  from  ideal 
mixing,  it  must  be  kept  in 
mind  that  the  pyrochlore  phase 
is  also  changing  with 
composition.  Moreover, 
phase  equilibrium  results 
indicates  that  there  is  one 
position  along  this  solid 
solution  whereby  the 
perovskite  equilibrates  with 
two  pyrochlores  of  different 
composition  because  of  the 
solubility  gap  for  titanium  and 
magnesium  rich  pyrochlore 
compositions. 


Pt)(Mg)/jNb2/j)0j  M0|e  fraction  PbTi03 

Fig.  7.  Activity  of  lead  oxide  for  the  equilibrium  of 
PMN-PT  solid  solution  in  equilibrium  with  MgO  and 
pyrochlore(s). 
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Appendix  I.  Knudsen  Cell  Methodology  Applied  to  PbO-based  Electroceramics 


We  have  established  a  method  for  measuring  the  vapor  pressure  of  lead  oxide  by 
Knudsen  cell  gravimetry.  Figure  1.1  schematically  illustrates  a  typical  cell,  which  is 
usually  constructed  from  dense,  pure  MgO.  The  cell  sits  on  top  of  a  thermocouple, 
which,  in  turn,  sits  on  a  sensitive  thermobalance  capable  of  measuring  weight  changes  of 
better  than  1  pig.  At  high  temperatures,  lead  oxide  evaporates  from  the  sample  and 
remains  contained  in  the  open  space  allowed.  After  many  collisions,  it  is  only  by  chance 
that  molecules  escape  out  of  the  small  orifice  (about  0.3  to  1 .0  mm  diameter).  The  entire 
cell  is  placed  in  a  moderately  high  vacuum  (10'8  bar),  which  eliminates  the  possibility  of 
gases  re-entering  the  cell.  It  can  be  assumed  that  equilibrium  is  established  between  the 
solid  and  the  vapor  if  the  orifice  is  sufficiently  small. 

The  rate  of  weight  loss  is  correlated  with  the  vapor  pressure  whereby 
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oriface  diameters:  0.6, 1 .0, 1 .5  m 


Here,  the  total  weight  loss  rate  consists  of  the  individual 
contributions  of  each  molecular  species  present  in  the  gas 
phase.  Each  species,  i,  is  characterized  by  their  partial 
pressure,  P„  and  molecular  weight,  M,.  The  orifice  area  is 
denoted  by  Aa  and  the  Clausing  geometric  factor,  Wc, 
accounts  for  the  orifice  shape.  For  simple  cases,  there  is  only 
one  molecular  species  present  in  the  equilibrium  gas  phase. 

In  such  a  case,  the  equilibrium  pressure  is  simply  related  to 
the  total  weight  loss  rate. 

Knudsen  cell  gravimetry  has  been  used  in  several 
studies  in  the  past  to  evaluate  the  thermodynamic  properties 
of  lead  oxide  compounds  4-7 .  The  difficulty  encountered  in 
those  cases  has  been  the  lack  of  sufficiently  detailed 
information  of  the  lead  oxide  gas  phase.  Those  researchers 
were  forced  to  make  simplifying  assumptions  that  are  no 
longer  necessary. 

The  gas  phase  equilibrium  of  lead  oxide  is  somewhat 
complex.  Fortunately,  there  have  been  several  mass 
spectrometric  studies  of  molecular  speciation  from  which  the 
relative  energetics  of  the  molecules  were  determined  3’8'10. 

This  has  made  it  possible  to  reliably  apply  Knudsen  cell 
gravimetry  to  extract  thermodynamic  data  of  the  underlying  solids. 

There  are  eight  primary  gas  species  that  vary  in  their  importance  depending  on 
temperature  and  lead  oxide  activity.  These  include  Pb,  02,  and  a  series  of  six  oligimers, 
PbnO„  where  n  =  1,  2,  ...,  6.  There  are  a  few  other  species  that  have  been  identified  but 


Fig.  1. 1 .  Schematic  of  MgO 
Knudsen  cell  used  for  PbO 
vapor  pressure  measurements. 


are  of  little  consequence  for  the  conditions  of  these  analyses.  On  a  log-log  scale,  Fig.  1.2 
plots  the  vapor  pressures  of  these  species  at  1000  °C  over  a  range  of  the  lead  oxide. 
These  were  calculated  using  available  thermodynamic  data.  A  critical  feature  is  that  the 
partial  pressures  of  many  of  the  species  exhibit  quite  different  dependences  on  aPb0.  This 
means  that  Knudsen  cell  measurements  of  weight  loss  rates  can  not  be  used  directly  to 
determine  lead  oxide  activities  but  requires  a  more  sophisticated  approach  that  combines 

Vapor  Pressures  over  PbO  Compounds 
for  Congruent  Evaporation 


Fig.  1.2.  Partial  pressures  of  different 
molecular  species  in  PbO  vapor  as  a  function  of 
thermodynamic  activity  of  lead  oxide. 
Corresponds  to  cases  of  congruent  vaporization 
of  PbO. 
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the  acquired  data  and  calculation  of  the  gas  phase  thermodynamics. 

The  situation  is  made  more  complex  because  the  molecular  masses  of  the  species 
differ  considerably,  ranging  from  32  for  02  to  1339  for  Pb606.  This  affects  the  average 
molecular  velocities  and  collision  frequencies  of  the  molecules  and  therefore  their 
probability  of  escape  from  the  Knudsen  cell.  This  is  accounted  for  by  the  square  root 
dependence  of  the  molecular  masses  given  in  Eq.  (1). 

Despite  these  complexities,  knowledge  of  the  thermodynamics  of  the  gas  phase 
and  of  the  physics  of  Knudsen  effusion  allows  for  the  determination  of  lead  oxide  activity 
from  the  weight  loss  rate  although  the  equations  are  more  complex  than  for  cases  of 
monomolecular  gases.  An  expansion  of  Eq.  (1)  gives 

<,  -  -C^Prb  ■  MPb'n+P02  -AV'2  ♦  |  PFbA  ■MPbn0n112 

n=  1 

Each  of  the  partial  pressures  given  in  Eq.  (3)  can  be  expressed  as  singular  functions  of  the 
activity  of  aPb0  using  gas  phase  thermodynamics,  mass  action  relationships  between 
molecular  species  and  stoichiometric  restrictions  of  effusion  of  lead  and  oxygen  from  the 
cell.  From  this  it  is  possible  to  derive  a  function  expressing  aPb0  in  terms  of  weight  loss 
rate  and  physical  and  thermodynamic  constants. 


We  have  developed  and  refined  this  method  for  determining  the  equilibrium  lead 
oxide  activities  and  compared  the  results  to  standard,  lead  oxide  systems  for  which 
reliable  thermodynamic  information  is  already  available.  An  example  is  the  equilibrium 
reaction 


PbZr02{s)< - >PbO(g )  +  Zr02(s ) 

for  which  Knudsen  cell  effusion  information  was  obtained  between  850  and  1000  °C. 
Figure  1.3  shows  the  weight  loss  rates  at  a  series  of  temperatures  and  typifies  the  kind  of 
information  that  is  being  collected  on  the  PMNT  system.  The  lead  oxide  activities  so 
obtained  compare  quite  well  with  published  values  that  were  obtained  by  electrochemical 
methods  as  shown  in  Fig.  1.4,  thus  providing  confidence  in  our  methods.  This  agreement 
was  due  largely  in  part  to  our  refinements  in  interpreting  the  gas  phase  thermodynamics 
and  in  interpreting  Knudsen  effusion  cell  kinetics. 


Knudsen  Cell  Gravimetry 


Fig.  1.3.  Weight  loss  due  to  Knudsen 
effusion  for  PbZr03/Zr02  equilibrium 
for  three  different  temperatures. 


"PbO"  Effusion 


1000/T  (K  )  PbZ/03/Zr02KC  3/749*1 

Fig.  1.4.  Comparison  of  temperature 
dependence  of  two  different  Knudsen 
effusion  rates  for  PbZr03/Zr02 
equilibrium. 
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